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DC Trimming Circuit for Radio Frequency (RF) Down-Conversion 



The present invention relates generally to communications, and more 
specifically to a method and apparatus for minimizing DC offset and second-order 
5 modulation products (IM2 noise) while demodulating RF (radio frequency) signals. 
The prefened embodiment of the invention marks a significant advance in satisfying 
the need for an inexpensive, high-perfomnance, fully-lntegrabie. receiver or 
transceiver. 

10 Background of the Invention 

Many communication systems modulate electromagnetic signals from 
baseband to higher frequendes for transmission, and subsequently demodulate 
those high frequencies back to their original frequency band at tiie receiver. The 
original (or baseband) signal may contain, for example: data, voice or video content 

15 These baseband signals may be produced by transducers such as microphones or 
video cameras, be computer generated, or be transfen-ed from an electronic storage 
device. In general, the use of.hlgh frequencies provides longer range and higher ' 
capacity channels ttian baseband signals, and because high frequency signals can 
effectively propagate tiirough tiie air, tiiey can be used for wireless transmissions as 

20 well as hard-wired or wave-guided communications. 

Ail of ttiese signals are generally referred to as RF (radio frequency) signals, 
which are electromagnetic signals; that is, waveforms witti electrical and magnetic 
properties within the electromagnetic specfrum nonnally associated with radk) wave 
propagation. 

25 Wfcned communication systems which employ such modulation and 

demodulation techniques include computer communication systems such as local 
area networks (JiMis), point-to-point communications, and wide area networks 
(WANs) such as Oie Internet These networks generally communicate data signals 
over electrically conductive or optical fibre channels. Wireless communication 

30 systems which may employ modulation and demodulation include those for public 
broadcasting such as AM and FM radio, and UHF and VHF television. Private 
wireless communication systems may include cellular telephone networits, personal 
paging devices, HF radio systems used by taxi services, microwave backbone 
networi<s. Interconnected appliances under tiie Bluetootti standard, and satellite 
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communications. Other wired and wireless systems which use RF modulation and 
demodulation would be known to those sidlled In the art. 

The focus of this document Is on down-conversion or demodulation; the 
conversion of high frequency signals to lower frequency levels. In the case of a 
5 wireless RF receiver, for example, demodulation would typically consist of down- 
converting a received signal from Its canier frequency to baset)and. 

IWost RF receivers use the "super-heterodyne" topology for down-conversion, 
which provides good performance In a limited scope of applications, such as In 
public-broadcast FiVI radio receivere. As will be explained, the super-heterodyne's 
10 limitations mal<e its use in more sophisticated modem applications expensive, and its 
performance poor. 

The super-heterodyne receiver uses a two-step frequency translation method 
. to convert an RF signal to a baseband signal. Figure 1 presents a blocit diagram of 
a typical super-heterodyne receiver 10. The mixers labelled M1 12 and M2 14 
1 5 perform the tasit of translating the RF signal to baseband, while the balance of the 
components amplify the signal being processed and filter noise from it. 

The RF band pass filter (BPF1) 18 first filters the signal coming from the 
antenna 20 (note that this band pass filter 18 may also be a duplexer). A low noise 
amplifier 22 then amplifies the filtered antenna signal. Increasing the strength of the 
20 RF signal and reducing the noise figure of the receiver 10, The signal is next filtered 
by another band pass filter {BPF2) 24 usually identified as an image rejection filter. 
The signal then enters mixer Ml 12 which multiplies the signal from the Image 
rejection filter 24 with a periodic signal generated by the local osdilator (L01) 26. 
The mixer Ml 12 receives the signal from the Image rejection filter 24 and translates 
25 it to a tower frequency, known as the first Intermediate frequency (IF1 ). 

Generally, a mixer (such as iVI1 12 or M2 14) Is a circuit or device that 
accepts as Its Input two diffierent finequendes and presents at Its output 

(a) a signal equal In frequency to the sum of the frequendes of the input signals; 

(b) a signal equal In frequency to the difference between the frequencies of the ' 
30 input signals; and 

(c) the original input finequendes. 

The typical embodiment of a mixer is a digital switch which may generate 
significantly more tones than those stated above. 

The IF1 signal is next filtered by a band pass filter (BPF3) 2i typically called 
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the channel filter, \vhich Is centred around the IF1 frequency, thus filtering out the 
unwanted products of the first mixing processes; signals (a) and (c) ahowe. This Is 
necessary to prevent these signals from Interfering with the desired signal when the 
second mixing process is performed. 
5 The signal is then amplified by an Intemiedlate frequency amplifier (IFA) 30. 

and is mixed with a second local oscillator signal using mixer M2 14 and local 
oscillator (L02) 32. The second local oscillator L02 32 generates a periodic signal 
which is typically tuned to the IF1 frequency. Thus, the signal coming from the 
output of M2 14 is now at baseband, that is, the frequency at which the signal was 
1 0 originally generated. Noise Is now filtered from the desired signal using the low pass 
filter LPF 38, and the signal is passed on to some manner of presentation, 
processing or recording device. In the case of a radio receiver, this might be an 
audio amplifier and speaker, while in the case of a computer modem this may be an 
analogue-to-digital converter. 
1 5 Note that the same process can be used to modulate or demodulate any 

electrical signal from one frequency to another. 

The main problems with the super-heterodyne design are: 
• It requires expensive off-chip components, partlculariy band pass filters 1 8, 
24. 28, and low pass filter 38; 
20 • file off-chip components require design trade-offe that Increase power 
consumption and reduce system gain; 

image rejection is limited by the off-chip components, not by the target 
integration technology; 

isolation from digital noise can be a problem; and 
25 • it Is not fully integratable. 

The band pass and low pass filters 18, 24, 28 and 38 used in super- 
heterodyne systems must be high quality devices, so electronically tunable Altera 
cannot be used. As well, the only way to use the super-heterodyne system in a 
multl-standard/multi-frequency application Is to use a separate set of off-chip Altera 
30 for each finequency band. 

DIrecl-oonvereion topologies attempt to perfomi down-converelon in a single 
step, using one mixer and one local oscillator. In the case of down-conversion to 
baseband, this requires a local oscillator (LO) with a frequency equal to the canler 
frequency of the Input RF signal. 



-3- 



wo 2004/036776 



PCT/CA2003/001S74 



However, this technique will generate DC noise signals which Interfere with 
low-frequency Infonnation contained In the demodulated baseband signal. These 
DC noise signals are particularly difficult to overcome because they are typically 
unpredictable and time-varylng. Several mechanisms which may generate such DC 
5 • noise signals In direct-conversion topologies include the fbilowirig: 

1 . local oscillator leakage. Local oscillator (LO) power iealdng to the RF input 
will result in DC levels at the mixer output because It will be mixed with Itself. 
Because one of the output signals from a mb<er is the difference between the 
two frequencies being mixed together, and the LO is generating a powerful 

10 signal at the same frequency as the canier frequency of the incoming signal 

being demodulated, the LO signal Itself is demodulated to generate a DC 
signal at the mixer output; 

2. leakage of channel interferers. DC levels may be created at the mixer output 
when large neart)y RF signals leak Into the local osdliator port of the mixer 

1 5 and are self-mixed down to DC; 

. 3. offsets due to mismatching In devices on a fully-Integrated implementation; 

4. 1/f noise at baseband. Iff noise is noise with a power spectra that is 

Inversely proportional to the frequency - In other words, the power of the 

noise signal is greater dose to DC (direct cun-ent). 1/f noise, or 'flicker noise" 

20 is generated langeiy by the charge trapping and de-trapping properties of 

IMOSFETs; and 

5. intermodulatlon products. Mixing generates sum and difference products 
ftom primary signals. Intermoduiation products are distortions of those 
products, which may be generated by non-linearities in electronic 

25 components, or hannonks in the signals being mbced.- 

Hence, there Is a potential for large. tlnf»-varying DC signals to interi'ere with the 
comparatively low-amplitude signals of interest, at or near DC, at the output of the 
denuidulator. 

A number of attempts have been made to reduce or compensate for the level 
30 of these DC noise signals, but none have been very effective or practical: 
1. Capadtive coupling 

Pladng a capacitor in series with the signal path will block DC noise signals 
but will also block components of the desired signal near zero frequency. 
The severity of the data loss is dependent upon the transmission modulation 
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and signal coding. 

Capadtlve coupling also has the disadvantage that the size of the capadtors 
are generally too large for a fully Integrated receiver, 

2. Adaptive feedbadc 

5 DC noise signals may also be removed by the use of adaptive feedbacic that 

time-averages the suspected DC offeet value and subtracts the * 
con^sponding amount from a convenient point along the receive path. While 
feedbadc-based DC-offset reduction techniques are more effective than 
capadtlve coupling and are more easily applied to integrated solutions, the 
1 0 following must be considered when they are applied: 

a. the increased level of complexity they add to the design; 

b. since the DC offsets and near DC offsets may be indistinguishable 
from the desired data, some amount of training time is nonnally 
required on a periodic basis to determine the DC offset accurately; 

15 and 

c. if a long-term average of the DC offset is used to estimate how much 
offset must be subtracted from the input, then this technique will not 
respond well to rapid variations in the DC offset level; and 

3. Good Matching of Devices 

20 MisHfnatching of transistors causes noise and adversely affects perfonnance. 

The degree of mis-matching increases as component sizes decrease, so 
perfomiance and yields drop with highly iritegrated applications. Typically, 
this problem is addressed by using large device sizes and/or using multiple 
components in parallel. Neither of these methods are highly effective and of 
25 course, r^ult in larger components. 

Thus, none of the cunrently used tediniques for addressing the DC noise problem in 
direct-conversion architectures is particularly effective. 

It is also of note that the continuing desire to implement low-cost, power 
efRdent receivers has led to intensive research into the use of highly integrated 
30 designs, an increasingly important aspect for portable systems, Induding cellular 
telephone handsets. This has proven espedally challenging as the frequendes of 
interest in the wireless telecommunications industry (especially low-power cellular/ 
micro-cellular voice/data personal communications systems) have risen above those 
used previously (approximately 900 MHz) into the spectrum above 1 GHz. 
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10 



Thus, there is a need for a method and apparatus for demodulation which 
addresses the problems above. It is desirable that this design be fully-integratable. 
inexpensive and high performance. As well, it is desirable that this design be easili 
applied to multi-standard/mult'-frBquen<y applications. 

Summary of the Invention 

It is therefore an object of the invention to provide a novel method and 
system of modulation and demodulation which obviates or mitigates at least one of 
the disadvantoges of the prior art 

One aspect of the invention is defined as a circuit for down-converting a 
differential input signal x(t) comprising: a differential trensconductance Input ceil 
consisting of separate positive and negative channels for receiving positive and 
negative channels of the input signal x(t) and amplifying the positive and negative 
channels of the input signal x(t): a first differential mixer for receiving the amplified 
15 input signal x(t). and mixing the input signal x(t) with a first mixing signal <p1 , to 

generate an output signal <p1 x(t); a second differential mixer for receiving the signal 
91 x(t) as an input, and mixing the signal (pi x(t) with a second mixing signal <p2. to 
generate an output signal (pi <p2 x(t); a pair of current sources la and lb for providing 
current to respective outputs of the positive and negative channels of the differential 
20 transconductanoe input cell, to reduce the current drawn from the first differential 
mixer, the current sources la and lb being trimmed In a complementary manner 
where la = I + Al, and lb = I - Al. 

Another aspect of the Invention is defined as a method of A method of signal 
demodulation for a circuit having a differential trensconductance Input cell consisting 
25 of separate positive and negative channels for receiving positive and negative 

channels of the input signal x(t) and amplifying the posith^e and negative channels of 
the Input signal x(t); a first differential mixer for receiving the amplified Input signal 
x(t). and mixing the input signal x(t) with a first mixing signal <p1, to generate an 
output signal 9I x(t); a second differential mixer for receiving the signal 9I x(t) as an 
30 input, and mixing the signal <p1 x(t) with a second mixing signal <p2, to generate an 
. output signal (pi 92 x(t); a pair of cun-ent sources la and lb for providing current to 
respective ones of the positive and negative channels of the differential 
trensconductance input cell, to reduce the drawn from the first differential mixen the 
cun^ent sources la and lb being trimmed in a complementary manner where la = I + 
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Al, and lb = I - Al; the method comprising the steps of: Injecting a two-tone signal at 
the input; measuring IM2 at the baseband output of the circuit; detemiining the level 
of Al which minimizes IM2; recording the level of Al which minimizes IM2; and using 
the recorded level of Al during nomial operation of the down-convertor. 
5 A further aspect of the invention is defined as a method of down-converting a 

differential Input signal x(t) comprising the steps of: amplifying positive and negative 
channels of the Input signal x(t) using a differential transconductance input ceil 
consisting of separate positive and negative channels; mixing the amplified input 
signal x(t) with a first mixing signal <p1, to generate an output signal q>1 x(t), using a 

10 first differential mixen mixing the signal cp1 x(t) with a second mixing signal <p2, to 
generate an output signal <p1 <p2 x(t), using a second differential mixBv, and providing 
current to respective ones of the positive and negative channels of the differential 
transconductance input ceil, using a pair of cunrent sources la and lb, reducing the 
current drawn from the first differential mixer; and trimming the cuaent sources la 

15 and lb in a complementary manner where la = I + Al, and lb = I - Al; wherein Al can 
be manipulated to reduce the IM2 and DC offset in the output signal <p1 (p2 x(t), and 
wherein matching parameters for the mixers can be relaxed. 

Brief Description of the Drawings 
20 These and other features of the invention will become more apparent from 

the following descripfion in which reference is made to the appended drawings in 
which: 

Figure 1 presents a block diagram of a super-heterodyne receiver topology as 
known In the art; 

25 Figure 2 presents a block diagram of a demodulator topology in a broad 
embodiment of the invention; 
Figure 3 presents a timing diagram showing the development of a pair of virtual local 

oscillator (VLO) mixing signals; 
Figure 4 presents a timing diagram of a set of differential VLO mixing signals plotted 
30 In amplitude versus time, in an embodiment of the invention; 

Figure 5 presents an electrical schematic diagram of a differential demodulator 

topology in CMOS, In an embodiment of the invention; 
Figure 6 presents a block diagram of a differential active mixer In an embodiment of 
the invention; 
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Figure 7 presents an electrical schematic diagram of an adjustable current source Ir 

an emt)odiment of the Invention;' 
Figure 8 preserrts a flow chart of a method of detemnining the trimming current, Al, 

In an emt)odiment of the Invention; 
5 Figure 9 presents a diagram demonstrating how order modulation noise (IM2 noise) 

changes with the trimming cunent, Al; and 
Figure 10 presents an electrical schematic diagram of a dtflerentlal demodulator 

topology In BiCMOS, In an embodiment of the invention, 

1 0 Detailed Description of the Invention 

A circuit v>^ich addresses a number of the objects outlined above Is 
presented as a block diagram in Figure 2. This figure presents a demodulator or 
down-conversion topology 50 In which a differential Input signal x(t) is down- 
converted by mixing it with two mixing signals q>1 and 4>2. A "differential" signal Is 
simply a signal which Is available in the forni of positive and negative potentials with 
respect to ground. Thus, this circuit handles an Input signal in the forni of a 
differential voltage, x(t)+, x(t). as the radio frequency (RF) input signal. 

The use of a differential architecture results in a stronger output signal that is 
more immune to common mode noise ttian a single ended architecture such as that 
of Figure 1. If, for example, environmental noise imposes a noise signal onto the 
input of Figure 1, then Ms noise signal will propagate through the circuit If the 
same environment noise is Imposed equally on ttie x(t)+ and x(t)- inputs of the 
differential circuit of Figure 2, tiien ttie net effect will be null. 

The circuit of Figure 2 includes a differential transconductance input cell 52 
which has separate positive and negative channels for receiving positive and 
negative channels of ttie input signal x{t). It amplifies the positive and negative 
channels of ttie input signal x(t), and passes the amplified signal to ttie first 
differential mixer 54. The input signal x(t) may come from any source, ttius ttie 
differential transconductance input cell 52 may be connected to various low noise 
amplifiers, filters, antennas or otiier front end components. Typically, the 
transconductance Input ceil 52 will have high impedance inputs, but ttie invention is 
not restricted, to such an Implementation. 

The first differential mbcer 54 receives tiie amplified input signal and mixes it 
wltti ttie first mixing signal 9I , generating an output signal 9I x(t). Similarty, ttie 



wo 2004/036776 



PCT/CA2003/001S74 



second differential mixer 56 receives the signai q>1 x(t) as an input, and mixes it witii 
the second mixing signal <p2. to generale an output signai q>1 4>2 x(t). 

The two mixing signals tpl and 92 may be of any fonm iowwn in the drt. 
including those of the fbrni used In standard super-heterodyne architectures. In the 
5 preferred embodiment described hereinafter, a particularly useful paradigm of mixing 
signals referred to as "virtual local oscillator- or VLO signals, will be described, but 
the invention is not limited to VLO mixing signals. 

Any differential mixers known in the art. or pairs of non-differential mixers 
could be used for the two mixers in this drcult. For example, the differentlai mbcer 

1 0 described in the co-pending patent application filed In the United States on March 8, 
2002, under Application Serial No. 10/096,118. and titled "Integrated Cirtajit 
Adjustable RF Mixer", could be used. 

The particular design parameters for the two mixers 54 and 56 would be dear 
to one si<illed in the art, having the typical properties of an assodated noise figure. 

15 linearity response, conversion loss, conversion compression. Isolation, dynamic 
range, distortion conversion gain. The selection and design of these mixers would 
follow the standards known in the art 

The drcuit also Indudes a pair of cun^ent sources la and lb for providing 
cunent to respective outputs of the positive and negative channels of the differential 

20 transcondudanoe Input ceil 52. These cunient sources reduce the current which 
must be drawn through the first differential mixer 54. 

The operation of the invention will become more dear from the detailed 
description of the prefened embodiment which follows, with resped to Figures 5 
through 9. In short, the components of the first differential mixer 54 must draw 

25 electrical cunent in the course of their operation for amplification and switching 

purposes (and possibly other functions). Providing current to RF amplifier transistors 
In the flret differential mixer 54 from an external source such as la and lb, means 
that the active mbcer switches In the first differential mixer 54 are only required to 
provide a small proportion of the cun-ent required by the RF amplifier transistore. 

30 The reduced contribution of current via the active mixer switches, /esults in less 
noise being refemed to the inpute of the RF amplifier transistore and also less noise 
being generated by the resistive load of the active mixer drcuit, resulting in improved 
overall noise perfonnance. At the same tme, the total current flowing through the 
RF amplifier transistors can be maintained at a level suffldent to ensure their 
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operation at the required gain and linearity. 

It is also important that the current sources la and lb be trimmed in a 
complenrientary manner where la s I -i- M, and lb b i . ai. jhe value of Al can be 
detemnlned in a number of ways, Including, for example, various feedback or testing 
5 techniques. In the prefenned embodiment described hereinafter, the value of Al is 
detemnined by perfomting a two-tone test prior to regular operation of the circuit 
The value of Ai is adjusted during the course of this test to minimize second order 
modulation producte at the output The optimal value of Al is stored and used In the 
course of regular operation of the circuit 
1 0 As noted In the Background, DC noise temns or DC offsets are generated in 

the course of down-conversion. The circuit of the Invention provides for DC offeet 
oonrectfon in such a way that the matching of devices is relaxed, making the circuit 
more robust and provWing higher yields In an integrated environment 

1 5 Many additions and changes may be made to this circuit and still allow the 

concept of the invention to be exploited. For example, the circuit of Figure 2 may be 
provided with a filter 58 between the first and second mixers 54, 56 depending on 
the nature of the down-conversion model, in the case of traditional super- 
heterodyne conversion, for example, a bandpass filter may be used. In the case of 

20 VLO conversion described hereinafter, a high pass filter (HPF) may be used. 

Though Figure 2 Implies that various elements are Implemented in analogue 
forni, they can also be Implemented In digttal fonn. The mixing signals are typically 
presented herein in tenns of binary 1s and Os, however, bipolar waveforms, ±1, may 
also be used. Bipolar waveforms are typically used In spread spectrum applications 

25 because they use commuteting mixers which periodically invert their inpute in step 
with a local control signal (this Inverting process Is distinct from mixing a signal with a 
k)cal oscillator directly). 

A number of other embodiments of the invention will now be described, but 
. first, the concept of virtual tocai oscillators (VLOs) will be described. 

30 

Virtual Local Oscillator (VLO) Signals, 

As noted above, it is preferable that the invention be implemented using 
virtual local osdlialDr (VLO) signals. VLO mixing signals are very different from 
mbdng signals used In nomrai two-step conversion topologies (such as super- 
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heterodyne topologies). Though two mbdng signals are used in a VLO 
Implementation, the two VLO signals are more comparable to the single mixing 
signal used in direction-conversion. The main difTerenoe from the dired-conversion 
approach is that two VLO mixing signals are used to emulate the single mixing 
5 signal, without the usual short comings of direct-convereion, such as self-mbdng. 
This is because the two VLO mbdng signals never really generate the LO signal 
being emulated. 

When demodulating an Input signal x(t) to baseband using direction, 
conversion, the usual practice is to mix the Input signal x(t) with a signal f 1 at the 
10 camer frequency of the input signal x(t). The VLO philosophy is to emulate this 

demodulation using two (or more) mixing signals with a number of special properties: 

1 . their product emulates a local oscillator (LO) signal that has significant power 
at the frequency necessary to translate the input signal x(t) to the desired 
output frequency. For example, to translate the Input signal x(t) to baseband, 

16 q>1 (t) * <p2(t) must have significant power at the earner frequenqr fl , of x(t); 

and 

2, one of either (p1 and (p2, has minimal power around the frequency of the 
mixer pair output <p1 (t) * q)2(t) * x(t). while the other has minimal power 
around the centre frequency, of the input signal x(t). "Minimal power" 

20 means that the power should be low enough that it does not seriously 

degrade the perlbmiance of the RF chain in the context of the particular 
application. 

For example. If the mixer pair Is denrxxlulating the Input signal x(t) to 
baseband. It Is preferable that one of either (pi and q)2 has minimal power 
25 around DC. 

As a result, the desired demodulation Is affected, but there Is little or no LO signal at 
the carrier frequency of the Input signal x(t), to leak Into the signal path and appear 
at the output. 

Figure 3 presents an example of a suitable and 92 ndxlng signal pair, 
30 which emulates the LO signal fl. In this embodiment, the first mbdng operation (with 
the first mb<er 52 of Figure 2) is perfomied with the muW-tonal mbdng signal »1. 
lyflulti-tonai, or non-mono-tonal, refers to a signal having more than one fundamental 
frequency tone. Mono-tonal signals have one fundamental firequency tone and may 
have other tones that are hamionlcally related to the fundamental tone. 
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The resulting signal, 9I x(t), is then mixed with the mono-tonal signal q>2 by 
means of the second mixer 54, generating an output signal q>l 92 x{t). 

Looldng at Hgure 3, It is clear that the product of these two mixing signals, 
q>1 * <p2. has significant power at the frequency of the local oscillator signal fl being 
emulated. However, neither 9I nor 92 have significant power at the frequency of 
the input signal x{t), the fl LO signal being emulated, or the output signal q»l <p2 
x(t). Mixing signals with such characteristics greatly' resolves the problem of self- 
mixing because the VLO signals simply do not have significant power at fl-equendes 
that will interfere with the output signal. 

It Is also Important to note that at no point in the operBtion of the dicuit is an 
actual >1 • q>2" signal ever generated and if it Is, only an Insignificant amount Is 
generated. The mixers 54. 56 receive separate q>1 and <p2 signals, and mix them 
with the input signal x(t) using different physical components. Hence, there is no LO 
signal which may leak Into the drcult 

Looking at one cyde of these mixing signals from Figure 3 the generation of 
the (pi * 92 signal is dear 
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Clearly, the two mixing signals <i>1 and <p2 in Figure 3 satisfy the criteria for 
effective VLO signals. 

The design of drcuits for the generation of such signals would be dear to one 
skilled in the art from the teachings herein. A large number of suitable drcuits are 
also desoibed in the Applteanfs related, co-pending patent applications: 
1. PCT Intemational Application -Serial No. PCT/GAOa/00995 Red September 

1. 2000. titled: "Improved Method And Apparatus For Up-Converslon Of 
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Radio Frequency (RF) Signals"; 
2. PCT International Application Serial No. PCT/CAOO/00994 Filed September 
1, 2000, titled: "Improved Method And Apparatus For E)own-Conversion Of 
Radio Frequency (RF) Signals"; and 

5 3. PCT Intematlonal Application Serial No. PCT/CAOO/00996 Filed September 
1, 2000, titled: "Improved Method And Apparatus For 
Up-And-Down-Conversion Of Radio Frequency (RF) Signals". 
The problems of Image-rejection, LO leakage and 1/f noise in highly integrated 
transceivers can be largely overcome by using these VLO signals. 
1 0 It would be clear to one skilled in the art that VLO signals may be designed 

which provide the benefits of the invention to greater or lesser degrees. While it is 
possible in certain circumstances to have almost no LO leakage. It may be 
acceptable in other circumstances to Inooiporate VLO signals which stW altow a 
degree of LO leakage. 
1 5 Voltage controlled oscillators (VCOs) are typically used to generate VLO 

mixing signals. As a general mie, it is desirable to use oscillators which operate at 
frequencies which will not adversely affect the data signal if any self-mixing occurs, 
for example using a VCQ at a multiple or divisor of the LO signal being emulated. 
Figure 4 presents a timing diagram similar to that of Figure 3. for the' 
20 generation of differential VLO mixing signals. From the description of Figure 3 
above, the development of Figure 4 follows logically. 

The goal in this case, is to generate a set of differential mixing signals q)1P, 
, »1N. 4>2P and q>2N, where <p1P and q>2P combine to emulate the positive channel of 
the LO signal (flP), and flNand 92N combine to emulate the negative channel of 
25 the LO signal (f1 N). the positive and negative pairings of VLO signals are simply 
polar compl^nents of one another. 

As noted above, the input signal x(t) is down-converted to baseband using 
the two mixers 54, 56 and differential mixing signals <p1P, ^tN, 92P and q>2N. 
Because differential mixing signals are employed, positive and negative pairings 
30 must be generated for each of <p1 and q>2. Each pairing of positive and negative 
signal components are simply complements of one another, so the pattern of these 
signals follows logically finom the amplitude versus time graph of Figure 3. For 
completeness however, tiie devetopment of these signals are shown In the amplitude 
versus time graph of Figure 4. 
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In operation, the monotonal signal 9IP is mixed with the x(t)+ input, and then 
q>1P * x(t)+ is mixed with the noh-monotonal <|)2P. Clearly, the product <pip . q>2P is 
equal to flP. so It emulates the flP signal without generating significant power at the 
flP fiBquency. Similarly. In operation, the monotonal signal q>1N is mixed with the 
5 x(t). Input, and then q>1N ♦ x(t). Is mixed with the non-monotonal q>2N. Again, the 
product <p1N . 92N Is equal to fIN. so It emulates the fIN signal without generating 
significant power at the f 1 N frequen<y. 

Exemplary Circuit 

10 An exemplaiy Implementation of the Invention is presented In the schematic 

diagrams of Figures 5 through 9. Figure 5 presents an electrical schematic 
diagram of the complete circuit, while Figure 6 presents a generalization of the 
active mixer component of the topology. Figure 7 presents a detail electrical 
schematic diagram of the cunrent sources used in this embodiment Figure 8 

1 5 presents a flow chart of a methodojogy for detennining an optimal value for Al. while 
Figure 9 presents a diagram showing how this methodology minimizes the IM2. 

The drcutt 68 presented In Figure 5 can be described as having four major 
components: a pair of cunent sources 70, an active mixer circuit 72. a high pass 
filter (HPF) 74. and a passive mixer circuit 76. This circuit 68 receives a 'differential 

20 RF Input signal x(t)*, x(t)-, and down-cpnyerts this signal to a differential baseband 
(BB) signal, BB-i-. BB-. At the LO ports of tiie two mixers 72. 76 difTerenflal mixing 
signals 91 P, 9IN. q>2P and <p2N are applied to downnxMivert the Incoming RF 
signal to baseband. These differential mixing signals 9IP. 9IN. q>2P and q>2N 

could be standard super-heterodyne mixing signals, or could be VLO signals as 
25 described above. 

The core of the topology in Figure 5 consists of two mixers: a first mbcer 72 
which is active, and a second mixer 76. which is passive. Active mixers are distinct 
from passive mixers in a number of ways: 

1 . they provide conversion gain. Thus, an active mixer can replace the 
30 combination of a low noise amplifier and a passive mixen 

2. active mixers provide better isolation between the input and output ports 
because of the impedance of the active components; and 

3. active mixere allow a lower powered mixing signal to be used, reducing the 
noise that results when the mixing signal is generated. 
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10 



In spite of these advantages, the application of active mixers in modulation 
and demodulation topologies Is still problematic. Because active mixers are non- 
linear devices, they generate more 1/f noise and produce second-order distortion. 
As noted above. 1/f noise is noise with a power spectra that inoeases as the 
frequency approaches DC (direct cunrent). 

The topology of the Invention can exploit the advantages of an active mixer 
mainly because of the system for reducing DC offsets, but also because the high 
pass filter 74 and passive mixer 76 are used in the balance of the circuit 68. To 
begin with, the high pass filter 74 blocks out a great deal of the DC noise. Then, 
because the second mixer 76 Is a passive mixer and It operates at a relatively lower 
frequency, it does not introduce a significant amount of second-order distortion into 
the signal. Thus, this topology provides the benefits of active mixing, without 
introducing second-order distortion into the output signal. 

The operation of the pair of cun-ent sources 70 and active mixer circuit 72 will 
1 5 now be described with respect to the block diagram of Figure 6. 

A simplified representation of the current sources 70 and the active mfacer 72 
is presented in the block diagram of Figure 5, where the componente are collected 
into three groups: a IVIixer Block 220. a Gain Block 222. and a Cunent Source Block 
224. 

20 Briefly, the Gain Block 222 Is a gain-providing stage that consists of a 

number of input transistors, shown in Figure 4 as transistors M5 and M6. These 
input transistors are fed with the differential Input signals x(t)+ and x(t)-, and their 
outputs are fed to the Mixer Block 220 as amplified signals. The mixer block 220 
consists of transistors Ml through M4 as shown in Figure 5. 

26 The Gain Block 222 is simply a single stage differential amplifier^ consisting 

of two transistors M5 and M6, and two resistors R1 and R2. The degree of 
amplification Is controljed via the voltage of the input signal Vb. 

The Mixer Block 220 Is effected by two separate transistor and resistor 
pairings, which receive the amplified RF signals from the Gain Block 222. The 

30 amplified RF signal from the Gain Block 222 is passed to the sources of the 

transistor switches Ml, M2 and M3, M4, and the drains of transistors switches Ml, 
M2 and M3, M4 are connected to load resistors R3 and R4. By feeding the gates of 
the switching transistors switches Ml, M2 and M3, M4 with complementery mixing 
signals <p1P and (pIN, that is. <p1P = - (q)iN), a differential output signal is received. 
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The value of the load resistors Rl and Rl is selected to provide the best bias 
conditions for the mixer transistors. 

Additional details regarding the design and implementation of a suitable 
active mixer 72 are given in the co-pending patent application filed under Canadian 
5 Patent Application Serial No. 2,375,438, titled: "Improvements to a High Linearity 
Gilbert I Q Dual Mbcer". Other active mixer designs may also be used, as l^riown in 
the art, or variations on the above used. 

The conditions of operation, and hence perfonnance, of the Gain Block 222 
are alterable through the Current Source Blocic 2?4 which provides a variable 
1 0 amount of biasing cument to the Gain Block 222. The Cunrent Source Block 224 
provides current to the Gain Block 222 so that this current is not drawn entirely from 
the Mixer Block 230. 

The reduced contribution of cument to tiie Gain Block 222 via the Mixer Block 
230 results In less noise being refenred to tiie Inputs of the RF amplifier transistors In 
1 5 tile Gain Block 222 and also less noise being generated, resulting In improved 
overall noise perfonmance. At the same time, tiie totei cunrent flowing ttirough ttie 
RF arnplifier transistors in tiie Gain Block 222 can be maintained at a level sufflcient 
to ensure ttieir operation at tiie required gain and linearity. 

The current sources ia and lb are anranged to provide tiie cun^nt required by 
20 the RF amplifier transistors MS and M6 ttiereby requiring tiie active mixer {switches 
M1 , M2 and M3, M4 to provide only a small proportion of the cunrent required for the 
Gain Block 222. This results in improved overall noise performance. 

The linearity of ttie active mixer 72 is also Improved by tills cunent injection 
between ttie input amplifier and the active mixer switches Ml, M2 and M3, M4 
25 because the cunrent flowing tiirough the input amplifler (Gain Block 222) can be 
substantially independent of tiiat flowing through Uie active mixer switches Ml, M2 
and M3, M4. 

Outputs from tiie switching transistors Ml, M2 and M3, M4 in ttie active mb<er 
72 are then passed tiirough a pair of high pass filters 74, eadi consisting of a 
30 capacitor CI and C2 and two resistors R5 tiirough R8. The use of tiie resistore In 
the configuration of voltage dividers across positive and negative voltage sources 
(Vdd being positive and Vgs being negative) not only serves to drain the capacitors of 
the high pass filter, but also sets tiie common mode voltage for the next mfacing 
stage. 
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Also, note that the cut-off frequency of the pair of high pass filters 74 can be 
very low (either low with respect to the carrier frequency or close to DC, depending 
on the application and expected signals). As a result It may be considered to 
function almost entirely in the manner of a voltage divider. Also, the pair of high 
5 pass filters 74 might be effected In other manners, for example, In the forni of an 
'active resistor* network. 

The outputs of the pair of high pass filters 74 are then passed to the inputs of 
the respective halves of the differential passive mixer 76, whose other inputs are the 
mbdng signals <p2P and <p2N, which work in concert with the 9IP and (pIN mixing 
10 signals used In the active mbcer 72. In Figure 4. the passive mbcer 74 comprises a 
known design having four transistors M7, M8, M9 and M10. Other architectures 
oould also be used. 

If VLO mixing signals are being used, this second mixing stage completes the 
emulation of the local oscillator mbdng, frequency translating the input x(t)+ and x(t)- 
15 signal to the desired output signal »1N q>2N x(t) - and <p1P 92P x(t)+. If this circuit 
is being used to demodulate a signal down to baseband, as It would in the case of a 
radfo receiver, it may then be desirable to pass the outputs of the passive mixer 76 
through a low pass filter to remove any significant out-of-band signals. 

One of the further benefits of this design is the use of simple resistive 
20 elements (R1 and R2) to fix the active mixer 72 biasing voltages. This assists In the 
selection of optimal perfomiance parameters for the passive mfacer 76. 

The linearity of an active mixer is dependent on the biasing voltage of 
transistors. There are at least two sources of non-iinearity In the active mbcer 72: the 
non-linearity of the RF amplifier transistors and that of the switching transistors. The 
25 . optimum biasing must be found through simulation or other techniques. The bias 
voltage applied to each of the drains of the active mixer switches is thereby selected 
and fixed to that necessary for optimum linearity during design. 

Figure 7 presents an exemplary drcuit for implementing the cunrent sources 
70 of the invention. The two cunrent sources are implemented using parallel an-ays 
30 of transistore, controlled by electronic switches. The lowest level of ia cun^nt, for 
example, will be equivalent to the cunrent provided through transistor Ma. This 
cun-ent level can be increased using switches Sb through Sx to operate transistors 
Mb through Mx, connected in parallel to transistor Ma. These switches Sb ... Sx are 
driven selectiveiy by the level of the Al cunent While only three transistore are 
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Shown for this channel, clearly a large number could be used. 

Similarly, the lb channel consists of a con-esponding an^y of transistors M'b 
through M'x, connected in parallel to transistor M'a. The lb channel will have a 
minimum cunent level determined by the current through transistor M'a, but this 
5 cun^nt can be increased using switches S'b through S'x (which, like the la channel, 
are driven by the level of the Al cun^nt). 

This drcult 70 also includes a common mode feedback circuit (CMFB). which 
receives as an Input, the outputs of the active mixer 72. x* and y. The CMFB circuit 
receives this pair of signals and detemiines the common mode level for the two 
10 Inputs, ensuring that the outputs x* and / have a fixed common mode voltage. 

Note that any CIVIFB drcult know in the art could be used. Induding the 
following: 

1.. a switched capacitor design; 
2. a differentlal difference amplifier (ODA) design; 
15 3. a resistor-averaged drcult; or 
4. other designs. 

Exemplary Method of Determining Trimming Current Al 

Figure 8 presents a flow chart of a methodology for detemiining and applying 

20 the trimming cun-ent (Al) value. As noted above, the desire is to determine two 

complementary cunent values which feed the active mixer 72: la a I + Al and lb b | . 
Al. The Al value can be controlled using digital or/and analog methods, and is used 
to reduce the DC terni at the output due to a large single tone input. In the preferred 
embodiment, the value of the current Al is detemriined as follows: 

25 First, a two tone signal at frequendes f1 and tZ is injected at the x(t) input of 

the transconductance cell 52 of the drcuit, at step 90. The IIVI2 tone (I.e. the tone at 
frequenqr f1 - f2) is then measured at the SB output of the drcuit, per step 92. 

The power level of the IM2 is then minimized by adjusting Al per step 94, and 
continuously measuring changes to IM2 at step 92. Once a minimum value for IM2 

30 is detennined, control passes to step 94. At step 96, the value of Al which yields the 
minimum value for IMZ. is stored on chip in any method know in the art 

This optimal value for Al is then used during regular operation of the drcuit, 
per step 98. If an RF tone which is AM modulated Is Injected at the input of the 
transcoridudbr. the amount of AM detection signal poWer at baseband is now 
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minimized as a function of Al. 

it is generally oniy necessary to detennin© trie optimai value of Al once for 
any given ciiip, because its value will be determined by fabrication factors which do 
not vary greatly over the life of the chip. Thus, this process can be executed in the 
5 ^ctory before delivery of the chip. 

Figure 9 presents a graph of how the second order distortion (ilVI2) is 
minimized. The x-axis on this figure represents the level of the trimming cunent Ai 
Input to the current sources, and the y-axis represents the comesponding level of \MZ 
distortion In the output at fl - 12. The circuit of the Invention will generate a level of 
10 IM2 distortion which will vary with the Al input to the current sources, following a 
curve Mke that of Figure 9, which will have a lowest point for some level of AI. The 
tesic is simply to determine the level of Al which g^enerates the lowest \m distortion. 

The invention can be Implement using bipolar technology. CMOS technology, 
15 BICIWOS technology, or another semiconductor technology. Figure 10 presents a 
circuit diagram of a BiCiy/IOS implementatton 120 which is comparable to that of the 
Figure 4 CMOS implementation. 

The main differences between the BiCMOS and CMOS implementations are: 
1 . the active mixer 72 is implemented using transistors Q1 through Q6; 
20 2. a cunent sink. Is is required for the acb've mixer 72; 

3. the passive mixer is implemented using transistors Mi through M4; and 

4. the sense of the modulating signals 1 P-, 1 N-. 2P-, 2N- are changes to suit 
the polarities of the transistors as required. 

The invention could also be implemented using other fabrication technologies 
25 including, but not limited to Silicon/Germanium (SiGe). Gemianium (Ge), Gallium 
Arsenide (GaAs), and Silicon on Sapphire (SOS). 

Advantages of the Invention 

The Invention provides many advantages over other down-convertors l<nown 
30 In the art. To begin with, it.offers: 

1. minimal 1/f noise; 

2. minimal imaging problems; 

3. minimal leakage of a local osdilator (LO) signal into the RF output band; 

4. removes the necessity of having a second LO as required by super- 
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heterodyne drcuits, and various (often external) filters; and 
5. has a higher level of Integration as the components it does require are easily 

placed on an integrated drcuk For example, no large capacitors or 

sophisticated filters are required. 
5 A high level of Integration results In decreased IC (Integrated circuit) pin 

counts, decreased signal power loss, decreased IC power requirements, Improved 
SNR (signal to noise ratio), Improved NF (noise factor), and decreased 
manufacturing costs and complexity. 

The design of the Invention also makes the production of inexpensive multl- 
1 0 standard/multl-frequency communications transmitters and receivers a reality. 

The benefits of the Invention are most apparent when it is implemented within 
a single-chip design, eliminating the extra cost of Interconnecting semiconductor 
integrated circuit devices, reducing the physical space they require and reducing the 
overall power consumption. Increasing levels of integration have been the driving 
15 Impetus towards lower cost, higher volume, higher reliability and lower power 

consumer electronics since the inception of the integrated circuit. This invention will 
enable communications devices to follow the same Integration route that other 
consumer electronic products have benefited from. 

20 Options and Alternatives 

A number of variations can be made to the topology of the invention 
including the following: 

1 . the invention could be Implemented in a muW-band/multi-standartJ 
application. 

25 A mixer topology that is suitable as part of a multl-band/multi-standard 

receiver, is described in detail in the co-pending patent application filed under 
the Patent Cooperation Treaty under application number PCT/CA02/01316, 
filed on August 28, 2002, and titled Improved Apparatus And Method For 
Down-conversion. 

30 The topology shown and described in this co-pending application Is almost 

the same as that of Figure 5. The difference is simply that It offers the 
added functionality of recei^^ng more than one RF Input, which can be 
electronically selected. This Is effected simply by means of electronic 
switches connected to various RF Inputs, the switches being used to control 
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which RF signal is to applied to the mixing transistors; or 
the invention could be implemented using in-phase and quadrature signals 
In many modulation schemes, It is necessary to modulate or demodulate both 
in-phase (I) and quadrature (Q) components of the input signal. In such a 
case, four modulation functions would have to be generated: <p1l which is 90 
degrees out of phase with 9IQ; aUd 921 which is 90 degrees out of phase 
with <p2Q. The pairing of signals <p1l and ^21 must meet the function 
selection criteria listed above, as must the signal pairing of <p1Q and 92Q. 
Design of components to generate such signals would be clear to one skilled 
In the art from the description herein. As well, additional details on the 
generation of such signals are available in the co-pending patent applications 
filed under PCT Intemational Application Serial Nos. PCT/CAOO/00994, 
PCT/CAOO/00995 and PCT/CAOO/00996. 



15 Conclusions 

It will be apparent to those skilled in the art that the invention can be 
extended to cope with more than two or three standards, and to allow for more 
biasing conditions than those in the above description. 

The electrical circuits of the invention may be described by computer 
20 software code in a simulation language, or hardware development language used to 
fabricate integrated circuits. This computer software code may be stored in a variety 
of fonnats on various electronic memory media including computer diskettes, CD- 
ROIVI, Random Access Memory (RAM) and Read Only Memory (ROM). As well, 
electronic signals representing such computer software code may also be 
25 transmitted via a communication networi^. 

Cleariy, such computer software code may also be Integrated with the code 
of other programs, implemented as a core or subroutine by external program calls, 
or by other techniques known in the art 

The construction of the necessary logic to generate the mbdng signals of the 
30 invention would be clear to one skilled In the art from the description herein. Such 
signals may be generated using conventional methods and components including 
basic logic gates, field programmable gala anrays (FPGAs), programmable an-ay 
logic (PALs) or gate anray logic (GALs). The signals of the Invention may also be 
stored on memory devices such as read only memories (ROMs), programmable read 
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only memories (PROMs), erasable programmable read only memories (EPROMs), 
electrically erasable programmable read only memories (EEPROMs) or flash 
memory, and cycled out as required. The embodiments of the invention may also be 
Implemented using processor-type devices such as digital signal processors (DSPs), 
5 microcontrollers, microprocessors, or similar devices as known In the art Such 
implementations would be dear to one skilled In the art. 

The embodiments of the Invention may be Implemented on various femilles of 
integrated circuit technologies using digital signal processors pSPs), 
microcontrollers, microprocessors, field programmable gate arrays (FPGAs), or 

1 0 discrete oomponente. Such Implementetfons would be dear to one skilled In the art 
The invention may be applied to various communication protocols and 
fomiats induding: amplitude modulation (AM), frequency modulation (FM), frequency 
shift keying (FSK), phase shift keying (PSK), cellular telephone systems Induding 
analogue and digitel systehis such as code division multiple access (CDiy/IA), time 

1 5 division multiple access (JDMA) and frequency division multiple access (FDMA). 

The invention may be applied to such applications as wired communication 
systems Include computer communication systems such as local area networics 
(LANs), point to point signalling, and wide area networt<s (WANs) such as tiie 
Internet, using electrical or optical fibre cable systems. As well, wireless 

20 communication systems may indude those for public broadcasting such as AM and 
FM radio, and UHF and VHF television: or tiiose for private communication such as 
cellular telephones, personal paging devices, wireless tocat loops, monitoring of 
homes by utility companies, cordless telephones induding the digital cordless 
European tetecommunication (DECT) standard, mobile radto systems, GSM and 

25 AMPS cellular telephones, microwave backbone networi<s, interconnected 
appliances under the Bluetooth stendard, and satellite communications. 

While particular embodiments of the present invention have been shown and 
described, it Is clear that changes and modlfteationS may be made to such 
embodlmente without departing from tiie true scope and spirit of the invention. 
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